Introduction
Adiponectin is a circulating protein exclusively produced from adipocytes. It is assembled intracellularly and secreted as trimers, hexamers, and high-molecular-weight multimers (1, 2) . Clinical analyses have increasingly demonstrated that high-molecular-weight multimeric adiponectin is the active form and exerts various pleiotropic effects (3) (4) (5) (6) . Recent studies have shown that the active forms, multimeric and hexameric adiponectin, accumulate in tissues such as heart, vascular endothelium, and skeletal muscles through interaction with T-cadherin, a unique glycosylphosphatidylinositol-anchored (GPI-anchored) cadherin (7) (8) (9) . Importantly, we recently showed that adiponectin suppressed neointimal and atherosclerotic plaque formations through T-cadherin (10) . Other groups have also shown the significance of adiponectin/T-cadherin association in cardiovascular protection (7, 8) . Furthermore, single-nucleotide polymorphism near the T-cadherin gene correlates strongly with plasma adiponectin level and cardiovascular diseases in human subjects (11) (12) (13) (14) (15) (16) . These emerging pieces of evidence suggest that T-cadherin is essential for adiponectin-mediated organ protection. However, T-cadherin is GPI-anchored cadherin without the intracellular or transmembrane domain required for intracellular signaling; hence, the molecular mechanism has not been elucidated.
Exosomes are small vesicles (30-100 nm) of endosomal origin delimited by a lipid bilayer, and are thought to mediate cell-to-cell communication under normal and pathological conditions by transferring Adiponectin, an adipocyte-derived circulating protein, accumulates in vasculature, heart, and skeletal muscles through interaction with a unique glycosylphosphatidylinositol-anchored cadherin, T-cadherin. Recent studies have demonstrated that such accumulation is essential for adiponectin-mediated cardiovascular protection. Here, we demonstrate that the adiponectin/Tcadherin system enhances exosome biogenesis and secretion, leading to the decrease of cellular ceramides. Adiponectin accumulated inside multivesicular bodies, the site of exosome generation, in cultured cells and in vivo aorta, and also in exosomes in conditioned media and in blood, together with T-cadherin. The systemic level of exosomes in blood was significantly affected by adiponectin or T-cadherin in vivo. Adiponectin increased exosome biogenesis from the cells, dependently on T-cadherin, but not on AdipoR1 or AdipoR2. Such enhancement of exosome release accompanied the reduction of cellular ceramides through ceramide efflux in exosomes. Consistently, the ceramide reduction by adiponectin was found in aortas of WT mice treated with angiotensin II, but not in T-cadherin-knockout mice. Our findings provide insights into adiponectin/T-cadherin-mediated organ protection through exosome biogenesis and secretion.
active proteins, mRNA, and small noncoding RNAs (17, 18) . Moreover, exosomal release serves as an alternative disposal pathway to lysosomes (19) . Misfolded proteins or several aggregated toxic proteins, such as amyloid β (20) , tau (21) , and prion protein (22) , were shown to be released in exosomes. A more recent study revealed that exosomes suppress cellular senescence by excreting harmful cytoplasmic DNA (23) . This evidence suggests that exosomal release can attenuate cellular stress and maintain cellular homeostasis in its producing cells by exporting various unnecessary or harmful materials.
We recently reported the presence of adiponectin protein not only on the cell surface, but also in the intracellular endosomal space of in vivo aortic endothelial cells (24) . Importantly, several GPI-anchored proteins have been shown to be internalized in the cells, accumulate in multivesicular bodies (MVBs), and be secreted as exosomal cargo (22, (25) (26) (27) . T-cadherin has been shown to exist in human plasma and in ultracentrifugation precipitate fraction from the conditioned media of endothelial cells (28) . Based on these observations, we hypothesized that adiponectin could enter through the endosomal route by binding to T-cadherin, a GPI-anchored protein, and exert organ protection through T-cadherin-mediated exosome modulation.
Our study establishes a potentially novel role for the adiponectin/T-cadherin system in the regulation of exosome biogenesis through adiponectin binding to T-cadherin both in vitro and in vivo. Exosomes containing adiponectin and T-cadherin are released in response to adiponectin, from cells expressing T-cadherin. Adiponectin stimulates exosome biogenesis and exosomal release of ceramides, accompanying the reduction of cellular ceramides both in vitro and in vivo. This effect should play an important role in adiponectin/T-cadherin-mediated organ protection.
Results

Intraluminal accumulation of adiponectin in vesicles of MVBs in T-cadherin-expressing endothelial cells.
We initially examined T-cadherin-mediated adiponectin accumulation in endothelial F2 cells. Adiponectin accumulated in endothelial F2 cells following treatment with WT mouse serum, but not with adiponectin-knockout (AKO) mouse serum ( Figure 1A ). The accumulation was markedly reduced by T-cadherin knockdown, and increased by stable overexpression of T-cadherin ( Figure 1A ). T-cadherin overexpression mainly enhanced accumulation of high-and middle-molecular-weight adiponectin, which are physiological multimers of adiponectin in blood ( Figure 1A ). Adiponectin also increased cellular T-cadherin protein levels ( Figure 1A ), as has been observed in WT mouse tissues versus AKO mouse tissues (7) (8) (9) . Endothelial F2 cells stably expressing T-cadherin (F2T cells) were generated to obtain a distinct T-cadherin expression level, similar to the aorta. Equal adiponectin accumulation was observed in F2T cells and aorta (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.99680DS1).
Confocal immunofluorescence microscopy demonstrated colocalization of adiponectin with T-cadherin in intracellular punctate structures ( Figure 1 , B and C). As expected, the majority of adiponectin colocalized with EEA1, a marker of early endosomes, and CD63, a marker of MVBs ( Figure 1C ), but hardly colocalized with KDEL, a marker of the endoplasmic reticulum, or ATP synthase subunit IF1 (ATPsF1), a marker of mitochondria (Supplemental Figure 1B) . Immunoelectron microscopy using the pre-embedding immunoperoxidase technique demonstrated that immunoreactive adiponectin was mostly present in exosomes in MVBs of F2T cells cultured with WT mouse serum ( Figure 1D , arrowhead), along with endocytic vesicles (Supplemental Figure 1C, arrowhead) . However, virtually no immunoreactive signal was detected in other organelles or cytoplasm ( Figure 1D and Supplemental Figure 1C ). Gold nanoparticle-labeled immunoelectron microscopy analysis further demonstrated abundant accumulation of adiponectin in exosomes generated inside the MVBs ( Figure 1E ). Because our initial analysis of the ultrastructural localization of adiponectin in vivo in aortic endothelial cells had failed to discriminate localized endosomes (24), we investigated the localization of adiponectin in aortas again using an improved immunoelectron microscopic technique. This technical improvement facilitated the detection of many immunoreactive signals of adiponectin within endothelial cells (Figure 1, F-M) . Indeed, substantial adiponectin signals were observed beneath the surface, as well as on the surface of endothelial cells ( Figure 1F ). Those signals were in endosomes in higher magnification, which might include MVBs, although intraluminal vesicles (ILVs) were not clearly identifiable (Figure 1, G and H) . In other spots, adiponectin signals were observed as aggregates in lower magnification ( Figure 1I ). In higher magnification, such signals were on intraluminal structures within a visible limiting membrane, showing identifiable MVBs having many ILVs (Figure 1, J and K) .
Such signals were not observed in AKO mouse samples ( Figure 1 , L and M). These results were consistent with observations in cultured endothelial cells (Figure 1, D and E) . Collectively, these results show that the adiponectin/T-cadherin complex enters early endosomes from the cell surface and ultimately accumulates in exosomes generated inside the MVBs.
Adiponectin is resecreted as exosomal cargo with T-cadherin. Next, we analyzed exosomes isolated from the conditioned medium of endothelial F2T cells. Following floating of exosomes, obtained by differential ultracentrifugation (UC), on discontinuous density gradients for further separation, adiponectin and T-cadherin were cofractionated with exosomal markers, such as CD63, milk fat globule-epidermal growth factor 8 (MFG-E8), and syntenin ( Figure 2A ). Immunoelectron microscopy demonstrated the presence of adiponectin in exosomes derived from culture medium of F2T cells ( Figure 2B and Supplemental Figure 2) . Importantly, in the presence of adiponectin (incubation with WT serum), exosomal adiponectin almost completely disappeared by knockdown and was increased by overexpression of T-cadherin ( Figure  2C ), resembling the pattern of cellular accumulation ( Figure 1A) , ruling out the possibility of nonspecific sticking of adiponectin to the exosome surface. Reflecting the T-cadherin dependence, accumulation of high-molecular-weight adiponectin, which is the physiologically active form of adiponectin, was noted in exosomes ( Figure 2C ), also similar to cellular accumulation ( Figure 1A) .
The presence of adiponectin-and T-cadherin-containing exosomes was also detected in WT mouse serum by discontinuous density gradient UC following purification by a phosphatidylserine affinity resin, as described in Methods ( Figure 2D ). Taken together, the results indicate that adiponectin enters the endosomal route to MVBs by binding to cell-surface T-cadherin and is secreted as exosomal cargo with T-cadherin both in vitro and in vivo.
Adiponectin affects systemic exosome levels in vivo in mice. Both adiponectin and T-cadherin widely and abundantly exist in tissues. Thus, we evaluated the in vivo effects of adiponectin on plasma exosome level. We developed a simple method that involved exosome isolation from a relatively small amount of plasma (15 μl), based on polymer-based purification and a standard differential UC technique (see Methods), as also validated in a recent study (29) . Using this technique, we analyzed exosome levels in mouse plasma. The plasma exosome levels of MFG-E8 and syntenin in both adiponectin heterozygous and null mutant mice were significantly lower than in WT littermate mice ( Figure 3A) . Furthermore, plasma exosome levels of MFG-E8 and syntenin were significantly lower in both T-cadherin heterozygous and null mutant mice than in WT littermate mice ( Figure 3B ). We also examined the effect of excess adiponectin on exosome production in vivo. In these experiments, adenovirus expressing adiponectin (Ad-APN) or β-galactosidase (Ad-βGal) was injected into WT mice and the levels of adiponectin were measured at day 4 after injection. Ad-APN increased plasma adiponectin to about 400 μg/ml, which accompanied a 2-to 3-fold increase in plasma exosome levels of MFG-E8 and syntenin ( Figure 3C ).
In our plasma exosome preparations, the levels of syntenin and MFG-E8 correlated strongly in the mouse groups mentioned above (Supplemental Figure 3) . A recent proteomic study recognized syntenin as a specific and common marker for all exosomes of endosomal origin (30) , in addition to its functional role in exosome biogenesis (31) . MFG-E8 is a phosphatidylserine binding protein (32) and binds to the exosome surface (33) . Taken together, these observations suggest that the levels of these 2 markers with different routes of sorting in exosome pellets reflect plasma exosome levels. Collectively, these results demonstrate that adiponectin affects plasma exosome levels in a dose-dependent and T-cadherin-dependent manner in vivo. Adiponectin increases exosome production from T-cadherin-expressing cells. Next, we investigated the effect of adiponectin on exosome production in vitro ( Figure 4 and Supplemental Figure 4 ). The levels of exosome markers, such as MFG-E8 and syntenin, were slightly but significantly increased, in parallel with T-cadherin when F2T cells were treated with growth medium containing 5% WT mouse serum (final adiponectin concentration was approximately 1 μg/ml), not with AKO mouse serum (Supplemental Figure 4A ). To use adiponectin with active physiological properties in in vitro experiments, serum collected from AKO mice treated with Ad-APN or Ad-βGal was mixed to obtain the concentrations of adiponectin indicated in the figures, as described in Methods. Strikingly, at a physiological level (10 μg/ ml), adiponectin markedly increased exosomal T-cadherin and markers of exosomes, such as ALIX, heat shock protein 70 (Hsp70), CD63, MFG-E8, and syntenin ( Figure 4A ). Of note, adiponectin linearly and dose-dependently increased the amounts of exosomal T-cadherin and exosomal markers (Supplemental Figure 4B ), whereas treatment with adiponectin at 3 μg/ml increased cellular adiponectin and T-cadherin protein to plateau levels (Supplemental Figure 4C ). We also assessed the time course of adiponectin's effect on exosome production. Exosome production showed accelerated increase with cell growth, and adiponectin stimulated it gradually and chronically, not transiently (Supplemental Figure  4D) . The adiponectin-mediated increase in exosome production was also confirmed by other methods ( Figure 4 , B and C). Acetylcholinesterase is reported to be an enzyme that is specifically directed to exosomes, and its activity reflects exosome yields (34) . Adiponectin treatment significantly increased exosome-associated acetylcholinesterase activity ( Figure 4B ). Furthermore, nanoparticle tracking analysis showed that adiponectin significantly increased the number of particles with sizes that matched those of exosomes ( Figure 4C ).
To specify the effect of adiponectin, other than unknown exosome-stimulating factors possibly contained in serum, we purified adiponectin from mouse serum using T-cadherin-conjugated resin (35) . Such purified protein consisted of high-and middle-molecular-weight multimers of adiponectin, even in Coomassie brilliant blue staining and in Western blotting ( Figure 4D ). This was consistent with the observation that T-cadherin binds only high-and middle-molecular-weight forms of adiponectin (36) , even from whole serum. Such purified high-molecular-weight forms of adiponectin stimulated exosome production comparably to that of adiponectin-containing serum from Ad-APN mice ( Figure 4E ), indicating that exosome stimulation is mediated by high-and middle-molecular-weight adiponectin.
Adiponectin enhances exosome biogenesis. We next investigated whether adiponectin indeed enhances intracellular exosome biogenesis, by measuring the rate of de novo synthesis of exosomes in MVBs (Figure 5 ). To keep de novo-synthesized exosomes in MVBs, Rab7 (37) and Rab27a (38) were knocked down to inhibit fusion of MVBs/lysosomes and exosome secretion, respectively ( Figure 5A ). Double knockdown of these proteins caused MVBs to enlarge ( Figure 5B ), similarly to previous reports (37, 38). Newly (A-C, left panels) Western blots of MFG-E8 and syntenin associated with exosome pellets isolated from plasma of (A) Adipoq (APN) null, heterozygous, and WT littermates; (B) Cdh13 (T-cadherin) null, heterozygous, and WT littermates; and (C) WT mice 4 days after injection of adenovirus expressing APN (Ad-APN) or β-galactosidase (Ad-βGal). (A and B, right panels) Exosomal MFG-E8 and syntenin levels from Western blots. *P < 0.05, **P < 0.01 versus littermate WT mice (1-way ANOVA with Tukey's post hoc test). (C, right panel) Exosomal MFG-E8 and syntenin levels from Western blot. *P < 0.05, **P < 0.01 versus WT + Ad-βGal (unpaired t test). Data are the mean ± SEM. Plasma APN concentrations were as follows: (A) WT 15.0 ± 1.7 μg/ml, heterozygous 5.0 ± 0.5 μg/ml, homozygous 0.0 ± 0.0 μg/ml; (B) WT 16.3 ± 0.6 μg/ml, heterozygous 28.4 ± 2.5 μg/ml, homozygous 44.0 ± 2.1 μg/ml; (C) Ad-APN 391.4 ± 62.4 μg/ml, Ad-βGal 21.4 ± 2.2 μg/ml. synthesized exosomes in MVBs during 30 minutes of incubation were labeled by biotinylated anti-CD63 antibody uptake into MVBs ( Figure 5A ). Immunoelectron microscopy analysis using the pre-embedding immunoperoxidase technique demonstrated that adiponectin significantly increased the 3,3′-diaminobenzidine tetrahydrochloride-stained (DAB-stained) area in the MVBs ( Figure 5C ). These results indicate that adiponectin increases exosome production partly through enhancing exosome biogenesis in MVBs.
Previous studies established that exosome biogenesis is affected by the intracellular calcium chelator BAPTA-AM or siRNA knockdown of ALIX, syntenin, CD63, CD81, CD82, neutral sphingomyelinase, or sphingosine 1-phosphate receptor (39, 40) . Those treatments reproducibly decreased basal yields of exosomes from F2T cells (Supplemental Figure 5) . However, the fold increases of exosome yield by adiponectin were not significantly affected by such treatments (Supplemental Figure 5) .
The effect of adiponectin on exosome production is dependent on T-cadherin, but not AdipoRs. We also investigated whether adiponectin-stimulated exosome production is dependent on T-cadherin. Adiponectin , and syntenin (32 kDa) bands were quantified, the results of which are shown in the right panel. Representative results of 5 experiments with similar findings. *P < 0.05, **P < 0.01 versus 0 μg/ml APN (unpaired t test). (B) Enzymatic quantification of AChE activities associated with exosome pellets. ***P < 0.001 (unpaired t test). (C) APN increased the number of exosome-sized particles. The mean particle concentration (n = 3) is plotted against the particle size (left panel), with total particle counts (right panel). ***P < 0.001 (unpaired t test). (D) Purified APN analyzed by Coomassie brilliant blue (CBB) stain and Western blot. APN was purified from Ad-APN-injected mouse serum using T-cadherin-conjugated resin. N, nonheating and nonreducing conditions; R, heating and reducing conditions. (E) Comparison of the effects of APN-containing serum and T-cadherin resin-purified APN on exosome production. APN concentrations were adjusted to 3 μg/ml. n = 3. Representative results of 3 experiments with similar findings. *P < 0.05, **P < 0.01 versus 0 μg/ml APN. There was no statistically significant difference between APN-containing serum and purified APN (1-way ANOVA with Tukey's post hoc test). Data are the mean ± SEM.
significantly enhanced exosome production in F2T cells ( Figure 6A ). Such an effect was markedly reduced in the parental F2 cells (F2 siCtrl) and abolished by T-cadherin knockdown (F2 siT-cad), compared with F2T cells (Figure 6A ). The effect of adiponectin on exosome production was also seen in other T-cadherin-expressing cell types including primary human umbilical vein endothelial cells (HUVECs) (Supplemental Figure 6A ) and C2C12 differentiated myotubes (Supplemental Figure 6B ), but not in HepG2 hepatocytes with scarce T-cadherin expression (Supplemental Figure 6C) .
We also examined the possible significance of other candidate adiponectin receptors, AdipoR1 and AdipoR2, on this effect. Knockdown of AdipoR1 or AdipoR2 had little effect on adiponectin accumulation and cellular T-cadherin protein in F2T cells (Supplemental Figure 6 , D and E). More importantly, knockdown of AdipoR1 or AdipoR2 did not affect adiponectin-stimulated exosome production ( Figure  6B ), in contrast to T-cadherin ( Figure 6A ). We also carefully tested if an increase in one AdipoR by knockdown might be compensated by the other. However, there was no such compensation observed, at least in their mRNA expression levels (Supplemental Figure 6D) . Indeed, adiponectin still enhanced exosome production in F2T cells even when both AdipoR1 and AdipoR2 were knocked down (Supplemental Figure 6, D and F) . Furthermore, dominant-negative AMPK did not affect the adiponectin-stimulated exosome production, although it significantly decreased the phosphorylation level of AMPK in these cells (Supplemental Figure 6 , G and H). These results clearly indicate that T-cadherin, but not AdipoRs, mediates adiponectin-stimulated exosome production.
Adiponectin decreases cellular ceramides through T-cadherin-mediated exosomal release. Exosomes are enriched in ceramides, which can be exported by exosome secretion (41, 42) . Firstly, we measured total ceramides in exosomes and cells by enzymatic derivatization and labeling of ceramide to ceramide-1-phosphate using [γ-
32 P]ATP ( Figure 7A ). The amounts of ceramides in exosomes produced during 2 days of culture were at comparable levels to those in cells. Treatment with native adiponectin significantly increased ceramide levels in exosomes secreted from F2T cells ( Figure 7A ). Such ceramide release in exosomes accompanied a significant decrease of ceramide levels in F2T cells, to similar extents ( Figure 7A ). Next, we measured absolute amounts of ceramide species in exosomes and cells using mass spectrometry, and again observed that ceramide increases in exosomes accompanied ceramide reductions in cells by adiponectin treatment (Figure 7 , B and C). Ceramides in secreted exosomes and their producing F2T endothelial cells were mainly composed of saturated ceramides, and this ceramide composition was quite similar between exosomes and cells ( Figure 7 , B and C). Such adiponectin effects of increasing exosomal ceramides and decreasing cellular ceramides were abolished by T-cadherin knockdown in F2T cells (Figure 7, D and E) . We measured ceramidase activity (Supplemental Figure 7A) , and found that adiponectin did not affect ceramidase activity at various pHs in F2T cells (Supplemental Figure 7B) . Furthermore, mass spectrometry determination of sphingosine level, the enzymatic product of ceramidases in cells, showed significant reduction by adiponectin treatment (Supplemental Figure 7C ), which coincides with the reduction of substrate ceramide in cells by adiponectin treatment. These data demonstrate that adiponectin decreased cellular ceramides dependently on T-cadherin-mediated exosomal release, and likely not dependently on intracellular degradation by ceramidases in F2T cells.
Adiponectin decreases ceramides in mouse aorta, dependently on T-cadherin. Finally, we measured ceramide levels in aortas of WT or T-cadherin-knockout mice injected with Ad-APN or Ad-βGal, to investigate the significance of this ceramide-reducing effect of adiponectin in the most T-cadherin-abundant tissue in vivo. Treatment with adiponectin showed a trend toward decreasing aortic ceramide levels in WT mice (Figure 8 ). When mice were administered angiotensin II, ceramide levels increased, which is thought to be one of mechanisms of endothelial dysfunction in hypertension (43) . Adiponectin significantly suppressed ceramide accumulation in such aortas of WT mice, but not in T-cadherin-knockout mice (Figure 8 ). These results are consistent with the adiponectin/T-cadherin system reducing cellular ceramides through ceramide efflux in exosomes.
Discussion
Our study establishes a potentially novel function of adiponectin, an unusually abundant adipocyte factor, which converts to an exosomal cargo, regulates exosome biogenesis by binding to T-cadherin, and decreases cellular ceramide levels by exosomal release both in vitro and in vivo. Adiponectin, together with T-cadherin, accumulates in T-cadherin-expressing cells, and is endocytosed into MVBs, where exosomes are generated. Both adiponectin and T-cadherin are released as exosomal cargo. Adiponectin has previously been suggested to exist in serum exosomes (44) . Our work revealed that T-cadherin-mediated cellular processes create and secrete adiponectin-containing exosomes. Importantly, the adiponectin/T-cadherin-mediated exosome biogenesis increases ceramide efflux in exosomes, and decreases cellular ceramide levels.
Many experimental studies related to adiponectin used an E. coli-recombinant globular form of adiponectin, the presence of which has not been demonstrated in blood, or E. coli/mammalian cellproduced full-length adiponectin, which contains much less high-or middle-molecular-weight multimer. To overcome these issues, we introduced native adiponectin physiologically rich in high-molecularweight multimers contained in serum or purified from serum. We used physiological concentrations of native serum-derived adiponectin on cells expressing physiological levels of T-cadherin, which allowed the identification of this role of adiponectin in the regulation of exosome biogenesis through binding to T-cadherin.
The effect of adiponectin on exosome production did not seem to simply stimulate previously known mechanisms, such as ESCRT or tetraspanin. Interestingly, higher-order oligomerization of protein with membrane anchoring was shown to be sufficient for protein sorting into the exosome (45) . Furthermore, clustering of the extremely abundant membrane protein syndecan facilitated the stimulation of total exosome production in a cell culture model, with the association of syntenin (31) . It is considered that our native adiponectin, with a multimeric structure, may cause higher-order clustering of T-cadherin, a membrane-anchored protein. Adiponectin abundantly circulates at 2 to 20 μg/ml in Figure 8 . Adiponectin decreases ceramides in mouse aorta, dependently on T-cadherin. Aortic ceramide levels in WT mice or T-cadherin-knockout (T-cad KO) mice. WT mice or T-cad KO mice at 8 weeks of age were injected with adenovirus expressing adiponectin (Ad-APN) or β-galactosidase (Ad-βGal) and osmotic minipumps containing 2.4 mg/kg/day of angiotensin II were implanted at the same time. Seven days later, aortic ceramide levels were measured. n =3-6 for each group. Data are the mean ± SEM. **P < 0.01 (unpaired t test).
blood, and T-cadherin protein also exists abundantly. The amount of T-cadherin protein is more than 2 orders of magnitude higher than other hormone and cytokine receptors, such as insulin receptor and TNF-α receptor in aortic endothelial cells in vivo (preliminary data not shown). Therefore, it can be speculated that the abundance of adiponectin and T-cadherin under physiological conditions, and the multimeric nature of adiponectin, drive exosome biogenesis in T-cadherin-expressing cells by stimulating clustering of T-cadherin. Because T-cadherin exhibits a wide tissue distribution, including heart, vascular endothelium, and skeletal muscles, the adiponectin/T-cadherin system may ultimately affect systemic exosome levels in the blood.
Growing evidence has suggested exosomes are a molecular signaling package for some specific target cells (17, 18) . Exosomes are also suggested to dispose unnecessary or harmful materials from their producing cells (20) (21) (22) (23) . Several studies have implied that ceramide is one of the enriched cargos in exosomes (41, 42) . In our study, adiponectin enhanced exosome biogenesis, increased ceramide efflux in exosomes, and comparably decreased cellular ceramide species dependently on T-cadherin, without affecting ceramidase activity in endothelial cells. It has been thought that sphingolipid homeostasis is maintained by the balance between intracellular synthesis and degradation. This study may be the first to demonstrate that ceramide efflux in exosomes contributes to cellular ceramide homeostasis. Furthermore, adiponectin increased serum exosome levels and significantly suppressed ceramide accumulation in mouse aortas under angiotensin II infusion. As intracellular accumulation of ceramides, especially saturated ceramides, is involved in several pathogeneses such as insulin resistance and endothelial dysfunction (46) (47) (48) (49) (50) (51) , adiponectin/T-cadherin-mediated decrease of cellular ceramide via exosome biogenesis and secretion should be protective against metabolic disorders and organ damage. Also, adiponectin may contribute to the maintenance of cellular homeostasis by enhancing excretion of various unnecessary or harmful materials besides ceramides, a hypothesis that is now under investigation. One of the major target cell types of exosomes is thought to be macrophages, specific scavenger cells (52) (53) (54) . It has been reported that exosomes are internalized more efficiently by macrophages via phagocytosis, than by non-phagocytic cells (52) . This finding is supported by the fact that phosphatidylserine, which is recognized by macrophages in phagocytosis of apoptotic cells (32) , is exposed on the surface of exosomal membranes. Knockdown of Tim4, a key molecule in phagocytosis (55), attenuated exosome internalization in macrophages (52) . Additionally, more recent studies demonstrated that most exosomes are quickly taken up by macrophages in the liver after intravenous injection in mice (53, 54) . These data suggest that ceramides and other harmful materials released in exosomes may be targeted to and degraded by macrophages, whose degradative activity, including that towards ceramides, is very high.
Ceramide-lowering activity is thought to be an important mechanism of adiponectin to combat metabolic diseases and to protect against organ damage (56, 57) . It was reported that adiponectin decreased cellular ceramides by activating ceramidase activities of AdipoRs (56) . This finding was further supported by inducible overexpression of AdipoRs in the liver, accompanying improved glucose metabolism (57) . Crystal structures of sphingosine in the AdipoR2 binding pocket have provided additional support for the ceramidase concept in adiponectin action (58) . Our study indicates that T-cadherin, in response to multimeric adiponectin, functions to increase exosome biogenesis and also decrease cellular ceramides in endothelial cells expressing T-cadherin. Importantly, no obvious accumulation of multimeric adiponectin was observed in liver, where little or no T-cadherin exists, in sharp contrast to aortic endothelium, heart, and muscle, where T-cadherin is abundantly expressed (9) . T-cadherin may regulate cellular ceramide content in response to high-molecular-weight multimeric adiponectin, in a tissue-dependent manner as an additional mechanism for the adiponectin/AdipoR axis.
It has also been suggested that exosomes, released into the extracellular environment, protect organs by modulating the immune function of the recipient cells (59) , or by stimulating the repair ability of the recipient cells (60) (61) (62) . Thus, adiponectin-induced exosome release may modulate the function of recipient cells, protectively.
Taken together, the results suggest that stimulation of exosome production by adiponectin may partly explain the adiponectin-related organ protection through the GPI-anchored protein T-cadherin, which may lead to creating novel therapeutic strategies for organ protection. Importantly, this is the first demonstration to our knowledge that a circulating factor stimulates exosome biogenesis that affects ceramide metabolism and the circulating pool of exosomes.
Methods
Antibodies. The following primary antibodies were used: goat polyclonal anti-adiponectin (AF1119, R&D Systems); rabbit polyclonal anti-adiponectin (PA1-054, Thermo Fisher Scientific); goat polyclonal anti-T-cadherin (AF3264, R&D Systems); rat monoclonal anti-mouse CD63 (clone R5G2, MBL); mouse monoclonal anti-human CD63 (clone H5C6, BD); rabbit polyclonal anti-syntenin (ab19903, Abcam); goat polyclonal anti-MFG-E8 (AF2805, R&D Systems); rabbit monoclonal anti-α-tubulin (11H10, Cell Signaling Technology); mouse monoclonal anti-ALIX (clone 3A9, Santa Cruz Biotechnology); rabbit polyclonal anti-Hsp70 (EXOAB-Hsp70A-1, System Biosciences); rabbit polyclonal anti-EEA1 (clone H-300, Santa Cruz Biotechnology); mouse monoclonal anti-KDEL (clone 10C3, Stressgen); mouse monoclonal anti-ATP synthase subunit IF1 (A-21355, Thermo Fisher Scientific); rabbit polyclonal anti-AMPKα (2532, Cell Signaling Technology); and rabbit polyclonal anti-phospho-AMPKα (2531, Cell Signaling Technology). The following secondary antibodies were used: horseradish peroxidase-conjugated (HRP-conjugated) rabbit anti-goat IgG and rabbit anti-mouse IgG antibodies (Invitrogen); HRP-conjugated goat anti-rat IgG antibody (GE Healthcare); HRP-conjugated goat anti-rabbit IgG antibody (Millipore); Alexa Fluor-conjugated secondary antibodies (Life Technologies); biotin-conjugated rabbit anti-goat IgG antibody (Life Technologies); nanogold-conjugated rabbit anti-goat IgG secondary antibody (Nanoprobes); goat anti-rat IgG and rabbit anti-goat IgG secondary antibodies conjugated with 10-nm gold particles (Cytodiagnostics).
Animals and serum adiponectin. AKO mice and T-cadherin-knockout mice were generated previously in the C57BL/6J background (63, 64) . Serum samples used for cell culture experiments were collected under anesthesia via the inferior vena cava from 12-to 16-week-old male WT and AKO mice. To obtain high levels of high-molecular-weight adiponectin, Ad-APN or Ad-βGal was purified using the Adenovirus Standard Purification Virakit (Virapur). AKO mice were injected with Ad-APN or Ad-βGal at 2.0 × 10 9 plaque-forming units/mouse via the tail vein. Blood samples were collected from the respective mice at day 4 after injection, and serum adiponectin levels were measured by ELISA (Otsuka Pharmaceutical Co.). Serum from AKO mice injected with Ad-APN was diluted with that from AKO mice injected with Ad-βGal to obtain the indicated adiponectin concentrations. Mouse serum used for exosome isolation was depleted of exosomes by UC at maximum 100,000 g for 14 hours (SW55Ti rotor, Beckman Coulter). Adiponectin concentration was measured in the resultant exosome-free serum and adjusted as described above.
Adiponectin purification. Adiponectin purification was performed as reported previously (35) . Briefly, serum from AKO mice treated with Ad-APN was applied onto T-cadherin-Fc conjugated with Protein G sepharose (GE healthcare). Adiponectin was eluted with 5 mM EDTA.
Cell culture. Mouse vascular endothelial F2 cells were obtained from RIKEN Cell Bank and maintained in DMEM with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin. To generate F2 cells stably overexpressing T-cadherin (F2T cells), complementary DNA encoding the full-length mouse T-cadherin was subcloned into pMXs-puro, and the resultant vector was used to transfect Plat-E cells and thereby generate recombinant retroviruses. F2 cells were infected with the recombinant retroviruses and selected in growth medium containing 2 μg/ml puromycin. For the AMPK study, the dominantnegative pAMPKα2 K45R construct was obtained from Morris Birnbaum (University of Pennsylvania, Philadelphia, Pennsylvania, USA) (Addgene plasmid 15992) (65) . For RNAi experiments, F2 cells were transfected with silencer select siRNA (Ambion) by using Lipofectamine RNAiMAX reagent (Life Technologies) according to the protocol supplied by the manufacturer. Incubation with adiponectin-containing media started 36 hours after transfection. HUVECs were obtained from Lonza and maintained in EGM-2 medium up to passage 6. C2C12 mouse myoblast cells were cultured in DMEM with 10% FBS, 100 U/ ml penicillin, and 100 μg/ml streptomycin. Myogenic differentiation was induced by culture in collagen Icoated plates with DMEM supplemented with 2% horse serum, and incubation in adiponectin-containing medium commenced on day 4. HepG2 cells were cultured in DMEM supplemented with 10% FBS, and used for experiments.
Exosome isolation. Exosome isolation from the cell culture supernatant was performed essentially as described previously (66), with some modifications. Briefly, after overnight serum starvation, the cells were cultured with medium containing 5% exosome-depleted mouse serum for 48 hours (F2 cells, HepG2 cells), 24 hours (HUVECs), or 12 hours (C2C12 myotubes). Then, the conditioned medium was collected and centrifuged at 800 g for 10 minutes to deplete floating cells, and at 10,000 g for 30 minutes to remove cell debris. For exosome isolation, the supernatant was ultracentrifuged at average 110,000 g for 2 hours, followed by a washing step of the exosome pellet with Dulbecco's phosphate-buffered saline with calcium and magnesium [PBS(+)] at average 110,000 g for 2 hours (TLA100.1 rotor, Beckman Coulter). The exosome pellets were directly solubilized in Laemmli sample buffer or resuspended in PBS(+) containing 0.05% Tween 20. For comparative analysis, in gain-and loss-of-function studies, exosomes were collected from equivalent amounts of culture medium, conditioned by equivalent numbers of cells. Essentially none of the mouse serum treatments, overexpression, or RNAi treatment significantly affected cell viability. The density and size distribution of exosomes were analyzed using NanoSight LM10-HS apparatus and NTA2.3 software (Malvern).
Exosome fractionation. Fractionation of exosomes by density gradient UC was performed as described previously (67) with slight modifications. A discontinuous iodixanol gradient, consisting of 40% w/v, 20% w/v, 10% w/v, and 5% w/v solutions of iodixanol, was prepared by diluting a stock solution of OptiPrep (60% w/v aqueous iodixanol, Cosmo Bio) in 0.25 M sucrose, 10 mM Tris-HCl pH 7.4, 1.0 mM CaCl 2 , and 0.3 mM MgCl 2 . The gradient was set up in a polyallomer tube by subsequent layering of each solution. Exosome pellets obtained by UC from conditioned medium were suspended in PBS(+) containing 0.05% Tween 20. Serum exosomes were purified by a phosphatidylserine-affinity magnetic resin, MagCapture Exosome Isolation Kit PS (Wako Pure Chemical). Exosome suspensions were layered on top of 5% iodixanol solution and centrifuged at maximum 100,000 g for 18 hours (SW41Ti rotor, Beckman Coulter). Individual fractions were collected and diluted with PBS(+) and ultracentrifuged at average 200,000 g for 2 hours. The pellets were directly solubilized in Laemmli sample buffer and analyzed by Western blotting.
Western blotting. Exosomes or whole-cell lysates were loaded onto 4%-20% gradient SDS-PAGE gels (Bio-Rad) and transferred onto nitrocellulose membranes. The membranes were blocked with PVDF Blocking Reagent for Can Get Signal (TOYOBO) and then incubated with primary antibodies using Can Get Signal Solution 1 (TOYOBO) overnight at 4°C and followed by incubation with secondary antibodies conjugated with HRP using Can Get Signal Solution 2 (TOYOBO) for 60 minutes at room temperature. Chemiluminescence signals developed with Chemi-Lumi One Super (Nacalai Tesque) were visualized by ChemiDoc Touch, and quantified using Image Lab software (Bio-Rad). CD63 was detected under nonreducing conditions. Separation of the multimeric complexes of adiponectin was performed under nonheating and nonreducing conditions, as described previously (2) .
Immunofluorescence staining. Cells treated with WT or AKO mouse serum on coverslips were fixed with periodate-lysine-paraformaldehyde (PLP) for 30 minutes and incubated with 3% w/v BSA and 0.3% w/v Triton X-100 in Dulbecco's phosphate-buffered saline free of calcium and magnesium (PBS) for 60 minutes. Cells were then incubated with the indicated primary antibodies overnight at 4°C and followed by incubation with Alexa Fluor-conjugated secondary antibodies for 60 minutes at room temperature. Goat polyclonal anti-adiponectin antibody was used for double staining of adiponectin and others except that of T-cadherin, while rabbit polyclonal anti-adiponectin antibody was used for double staining of adiponectin and T-cadherin. Cell nuclei were counterstained with DAPI. Microscopy analysis was performed using an Olympus FV1000D confocal laser scanning microscope system (Olympus).
Immunoelectron microscopy. Cells were fixed with PLP for 30 minutes, rinsed with PBS and 50 mM glycine, and permeabilized with 0.25% w/v saponin in 0.1 M phosphate buffer (PB) for 30 minutes. The permeabilized cells were incubated with 10% w/v BSA, 10% w/v rabbit serum, 0.1% w/v cold-water-fish gelatin, and 0.1% w/v saponin in 0.1 M PB for 60 minutes and incubated with goat anti-adiponectin antibody overnight at 4°C. Dissected aortas following perfusion with PBS(+) were fixed with PLP overnight at 4°C. After washing with 0.1 M PB, the tissues were immersed in 6% gelatin and then 12% gelatin solution. The samples were cut into 40-μm-thick sections using vibrating blade microtome VT1000s (Leica). After rinsing with 0.1 M PB and 0.1% w/v NaBH 4 , tissues were incubated with 1% w/v FBS and 0.1% w/v saponin in 0.1 M PB for 60 minutes and incubated with goat anti-adiponectin antibody overnight at 4°C. In the preembedding immunoperoxidase technique, labeling was visualized by biotinylated anti-goat IgG antibody and avidin-biotin-HRP procedure (Vectastatin ABC kit, Vector Laboratories) with DAB (Sigma-Aldrich) according to the protocol recommended by the manufacturer. After thorough washing with 0.1 M PB, the cells were refixed in 0.1 M PB containing 1% glutaraldehyde. For pre-embedding immunogold labeling, cells treated with goat anti-adiponectin antibody were incubated with nanogold-conjugated rabbit anti-goat IgG secondary antibody for 2 hours at room temperature and then refixed in 0.1 M PB containing 1% glutaraldehyde. To amplify signals to detectable levels, gold enhancement was performed using GoldEnhance EM (Nanoprobes) according to the instructions provided by the manufacturer. Finally, samples immunostained using both methods were prepared for electron microscopy as described previously (68) . Immunoelectron microscopy analysis of exosomes was performed as described previously (69) with slight modifications.
Exosomes suspended in PBS(+) were loaded on formvar-coated grids for 60 minutes and fixed by loading directly the same volume of 4% paraformaldehyde that was used for the exosome suspension. Grids were incubated with the primary antibody overnight at 4°C followed by incubation with the secondary antibody conjugated with 10-nm gold particles for 2 hours at room temperature. After thorough washing, the grids were refixed in 2.5% glutaraldehyde and then stained with 4% uranyl acetate, followed by embedding in 1.8% methylcellulose and 0.4% uranyl acetate. All electron micrographs were obtained using an H-7650 transmission electron microscope (Hitachi).
Exosome biogenesis analysis. For assessing the rate of de novo synthesis of exosomes, F2T cells transfected with Rab7 and Rab27a siRNAs were incubated with biotinylated anti-CD63 antibody for 30 minutes at 37°C. Cells were then washed with PBS and fixed with 3% glutaraldehyde in 0.1 M PB for 60 minutes. After thorough washing, incorporated anti-CD63 antibody was visualized by HRP-conjugated streptavidin with DAB and further processed for electron microscopy as described above.
Real-time quantitative PCR. Isolation of total RNA and synthesis of cDNA were performed using SuperPrep Cell Lysis & RT kit for qPCR (TOYOBO). Real-time quantitative PCR was performed using SYBR green. The results for each sample were normalized to the respective 36B4 mRNA levels. Primers were as follows: 36B4, 5′-GGCCAATAAGGTGCCAGCT-3′ (forward) and 5′-TGATCAGCCCGAAGGAGA-AG-3′ (reverse); AdipoR1, 5′-AATGGGGCTCCTTCTGGTAAC-3′ (forward) and 5′-GCAGACCT-TATACACGAACTCC-3′ (reverse); AdipoR2, 5′-GGAGTGTTCGTGGGCTTAGG-3′ (forward) and 5′-GCAGCTCCGGTGATATAGAGG-3′ (reverse).
Acetylcholinesterase activity. Acetylcholinesterase activity was measured as described previously (34) with slight modifications. Briefly, 25 μl of the exosomes suspended in PBS(+) containing 0.05% Tween 20 was incubated with 150 μl of 1 mM acetylthiocholine (Sigma-Aldrich) and 0.3 mM 5,5′-dithiobis-2-nitrobenzoic acid (Sigma-Aldrich) in the same buffer. Absorbance was monitored at 405 nm every 60 seconds at 37°C with a microplate reader (SH9000ab, Hitachi), and the slope values were fitted with those of standard acetylcholinesterase from electric eel (Sigma-Aldrich).
Ceramide analysis. Cellular and exosomal lipids were extracted with a modified Brier/Dyer method. Total ceramides were enzymatically derivatized and labeled by diacylglycerol kinase using [γ- 32 P]ATP (70) . The reactions were extracted and separated on thin-layer chromatography, and radioactivities associated with [ 32 P]ceramide-1-phosphates were measured by Typhoon PhosphorImager. The levels of ceramide species and sphingosine were quantified by liquid chromatography and tandem mass spectrometry using a triple-quadrupole mass spectrometer (Xevo TQ-S micro, Waters Co.) equipped with a supercritical fluid chromatography (ACQUITY UPC2, Waters Co.). Ceramide (d18:1-17:0) was used as an internal standard and values were adjusted by cell proteins.
Ceramidase activity assay. Ceramidase activity was determined using C12-NBD-ceramide as substrate with minor modifications (71) . C12-NBD-ceramide dissolved in ethanol was dispersed in 2% BSA solution. Cell pellets were suspended in 1 mM Tris-HCl, pH 7.4 containing protease inhibitor cocktail and disrupted by sonication. Reaction mixture composed of 20 μl substrate solution containing 1 nmol C12-NBD-ceramide, 20 μl cell lysate and 10 μl pH-buffer were incubated for 30 minutes. To achieve different pH conditions, 125 mM ammonium acetate (pH 4.5, 5.0), 125 mM Bis-Tris (pH 5.5, 6.0, 6.5), 25 mM Tris (pH 7.0), or 125 mM HEPES (pH 7.5, 8.0, 9.5) was used as pH-buffer. The reaction was stopped by mixing with chloroform/methanol, and lipids extracted by a modified Bligh and Dyer method was analyzed by reversephase HPLC equipped with fluorescence detector (72) .
Plasma exosome analysis. Plasma was collected via the tail vein from 8-week-old male Adipoq (adiponectin) null, heterozygous, and WT littermate mice, Cdh13 (T-cadherin) null, heterozygous, and WT littermate mice. Plasma samples were collected under anesthesia from the inferior vena cava of 14-week-old male C57BL/6J WT mice, 4 days after injection of Ad-APN or Ad-βGal, at 5.0 × 10 8 plaque-forming units/ mouse. Plasma was mixed with thrombin for 10 minutes at room temperature and centrifuged at 10,000 g for 30 minutes at 4°C to remove fibrin. Plasma exosomes were isolated based on polymer-based purification and standard differential UC technique. A similar combination strategy was precisely validated (29) . The supernatants were incubated with ExoQuick (System Biosciences) for 30 minutes at 4°C, and then centrifuged at 1,500 g for 30 minutes at 4°C. The pellets were resuspended in PBS(+) and ultracentrifuged at average 140,000 g for 2 hours, followed by a washing step of the exosome pellet with PBS(+) at average 140,000 g for 2 hours (TLA100.1 rotor, Beckman Coulter). The obtained pellets were directly solubilized in Laemmli sample buffer and analyzed by Western blotting.
